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HIGHLIGHTS 


•  A  sodium— metal  chloride  battery  was  cycled  at  240  °C  and  260  “C. 

•  At  0.1C  discharge  rate  the  usable  discharged  energy  was  maximized  at  240  °C. 

•  The  duration  of  charging  was  measured  for  charging  voltages  up  to  2.7  V/cell. 

•  At  240  °C  the  daily  efficiency  was  higher  compared  to  275  °C. 


ART 


C  L  E  INFO 


A  B  S  T  R 


C  T 


Article  history: 

Received  13  September  2013 
Received  in  revised  form 
28  October  2013 
Accepted  9  November  2013 
Available  online  28  November  2013 


Keywords: 

ZEBRA  battery 

Sodium-metal  chloride  battery 

Low  temperature 

Efficiency 


The  high  operating  temperature  of  the  sodium  metal  chloride  battery  limits  the  possible  applications  of 
this  storage  technology.  In  this  study,  the  performance  of  a  3.65  kWh  (80  Ah,  48  V)  battery  at  temper¬ 
atures  as  low  as  240  °C  is  measured  and  the  efficiency  at  different  discharge  currents,  cycling  frequencies 
and  operating  temperatures  is  examined.  The  total  available  capacity  of  a  40  Ah  string  at  240  °C  when 
discharging  with  0.1  C  is  found  to  be  just  1  Ah  smaller  compared  to  275  °C,  which  is  the  nominal 
operating  temperature  of  the  battery.  However  it  is  shown  that  low  temperatures  have  a  big  impact  on 
the  charge  duration.  Starting  from  20%  SOC  (state-of-charge)  the  duration  of  charging  until  the  fulfill¬ 
ment  of  the  end-of-charge  criterion  at  240  °C  is  25  h  with  the  quickest  charging  regime  (0.25C,  2.7  V/cell) 
whereas  until  90%  SOC  7.6  h  are  required.  At  a  limited  SOC  operation  window  from  20%  to  90%  the  total 
daily  efficiency  of  the  3.65  kWh  battery  is  higher  at  240  °C  compared  to  275  °C  and  increases  from  69%  if 
one  cycle  is  performed  daily  with  0.175C  discharge  current  to  81%  for  two  cycles  with  the  same  discharge 
rate. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  sodium  metal  chloride  battery  consists  of  a  solid  metal, 
sodium  chloride  cathode  and  a  liquid  sodium  anode.  The  used 
metal  can  be  exclusively  nickel  or  a  mixture  of  nickel  and  iron.  A 
unique  characteristic  of  the  sodium  metal  chloride  batteries 
compared  to  other  battery  chemistries  is  their  solid  P"-alumina 
ceramic  electrolyte  which  allows  the  migration  of  Na-ions  while 
acting  as  an  electronic  insulator  [1  ]. 

During  discharge  the  following  reaction  takes  place  in  the 
positive  electrode: 
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NiCl2  +  2Na+  +  2e~  -»Ni  +  2NaCl  OCV=2.58V  (1) 

whereas  in  the  negative  electrode  Na-ions  are  generated: 
Na->Na+  +  e 

If  while  discharging  the  voltage  of  each  cell  drops  below  2.35  V/ 
cell  a  second  reaction  starts  in  the  cathode  adjacent  to  the  beta 
alumina  tube: 

FeCl2  +  2Na+  +  2e  ->Fe  +  2NaCl  OCV=2.35V  (2) 

When  both  active  materials  are  present  and  the  voltage  is  below 
the  2.35  V/cell  threshold  the  discharge  voltage  can  be  calculated  by 
assuming  a  sodium  metal  chloride  cell  with  only  NiCl2  in  the 
cathode  (Ni-cell)  connected  in  parallel  with  a  sodium  iron  chloride 
cell  (Fe-cell).  If  the  voltage  rises  again  above  that  threshold,  the  Fe- 
cell  is  recharged  by  the  available  NiCl2  according  to: 
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Table  1 

Specifications  of  the  tested  battery. 

Thermal  conductivity  Thickness  of  Dimensions  of  Nominal  operating 

of  insulating  material  insulation  [mm]  outer  case  [mm]  temperature  [°C] 

according  to  EN  12667 
[Wm1  K-1] 

48  80  3.65  45  0.023b  ~43  260  x  550  x  320  275  °C 


Nominal  Nominal  Nominal  Weight 

voltage  [V]  capacity3  [Ah]  energy3  [kWh]  [kg] 


3  Measured  with  0.25C 
b  At  200  °C. 


until  42  V. 


NiCl2  +  Fe— >Ni  +  FeCl2 

Since  the  ionic  conductivity  of  the  beta  alumina  increases  non- 
linearly  with  higher  temperatures,  an  acceptable  battery  perfor¬ 
mance  was  reported  for  a  temperature  range  of  270  °C— 350  °C 
[2,3],  However,  the  lowest  theoretical  operation  temperature  is 
157  °C  [4],  This  temperature  is  dictated  by  the  melting  point  of  the 
secondary  liquid  electrolyte,  which  facilitates  the  movement  of  the 
sodium  ions  in  the  positive  electrode.  In  order  to  maintain  an 
appropriate  operating  temperature,  the  battery  features  internal 
heaters  and  it  is  enclosed  in  a  thermally  insulated  battery  case  that 
reduces  the  heat  dissipation  [2],  If  the  stored  energy  is  used  for 
powering  the  internal  heating  system,  the  self-discharge  of  the 
battery  in  stand-by  mode  was  reported  to  be  10— 15%/day  for  a 
battery  featuring  vacuum  insulation  [2,5],  Even  though  the  heat 
losses  are  partially  compensated  by  the  Joule  heat  generated  in  the 
internal  resistance  during  operation,  the  heating  demand  of  the 
sodium  metal  chloride  battery  worsens  the  overall  efficiency, 
especially  in  low-current  application.  Until  recently,  research  has 
focused  on  the  use  of  the  high-temperature  sodium  metal  chloride 
battery  as  back-up  power  source  in  telecommunication  applica¬ 
tions  [6,7 ]  and  in  electric  vehicles  [8-10]  with  an  operating  internal 
temperature  above  270  °C.  Much  lower  temperatures  that  would 
reduce  significantly  the  heat  transfer  losses  have  been  tested  in 
planar-type  sodium  nickel  chloride  cells.  In  these  cells  the  degra¬ 
dation  at  temperatures  as  low  as  175  °C  after  60  cycles  was 
examined  [11],  The  total  cell  polarization  was  found  to  increase 
quicker  at  280  °C  due  to  the  growth  of  the  grain  size  of  nickel  and 
sodium  chloride  in  the  cathode  whereas  it  remained  almost  con¬ 
stant  at  175  °C.  Promising  results  regarding  the  anticipated  lifetime 
at  lower  than  the  usual  temperature  range  have  been  delivered  by 
the  common  tubular  cells  as  well.  In  Ref.  [12]  an  accelerated  life¬ 
time  test  with  ML3-X  type  cells,  charged  with  3.1  V/cell,  showed 
that  the  cell  resistance  at  the  end  of  charge  after  300  cycles  was 
below  80  mQ  at  260  °C  whereas  at  350  °C  it  exceeded  that  value. 

Goal  of  the  present  study  is  to  figure  out  the  feasibility  of  low- 
temperature  operation,  quantify  the  possible  benefits  and  identify 
the  limitations.  For  this  purpose,  a  detailed  analysis  of  the 


electrochemical  performance  of  a  sodium  metal  chloride  battery 
with  tubular  cells  at  240  °C,  260  °C,  275  °C  and  310  °C  was  made. 
Additionally,  the  heating  demand  in  stand-by  mode  and  in  opera¬ 
tion  was  measured. 

2.  Experimental  setup 

The  48TL80  battery  from  FIAMM-SoNick  with  the  specifications 
shown  in  Table  1  was  used  for  the  measurements.  It  consists  of 
ML3-X  type  cells  with  40  Ah  nominal  capacity,  which  are  connected 
in  two  parallel  strings,  each  one  with  20  cells  in  series.  In  these  cells 
almost  76%  of  the  nominal  capacity  derives  from  the  Ni-cell. 
Microporous  silica  panels  which  are  not  evacuated  are  used  as 
thermal  insulation  in  this  type  of  battery.  The  BMS  (Battery  Man¬ 
agement  System)  delivered  with  the  battery  was  set  out  of  opera¬ 
tion.  Instead,  a  temperature  controller  was  used  for  regulating  the 
power  unit  that  heated  the  battery  with  maximum  130  W.  A  sketch 
of  the  test  bench  is  shown  in  Fig.  1.  The  required  power  for  heating 
was  provided  externally  and  recorded  continuously.  No  cooling 
measure  was  implemented.  The  room  temperature  remained  con¬ 
stant  at  21  °C  throughout  the  measurements.  Thermocouples 
installed  near  the  center  of  the  cell  pack  measured  the  internal 
temperature,  which  served  as  input  for  the  temperature  controller. 
The  measured  values  of  the  temperature  showed  an  oscillation  of 
±3  °C  in  stand-by  mode.  Thus  a  moving  average  filter  with  100  s 
time  constant  was  applied  before  the  temperature  was  recorded.  It 
should  be  noted  here  that  the  temperature  difference  between  the 
cells  in  the  middle  of  the  battery  case  and  the  outer  cells  can  be  10- 
15  °C. 

The  charge/discharge  regimes  were  programmed  and  executed 
with  a  BaSyTec  HPS  battery  tester  (Basytec  GmbH,  Germany)  which 
was  connected  to  the  battery  strings  and  measured  the  relevant 
operating  parameters  with  ±0.5%  accuracy.  For  all  the  measure¬ 
ments  a  typical  for  the  sodium  metal  chloride  batteries  IU-charge  is 
used  [2,13]:  a  charging  current  is  imposed  and  the  battery  voltage 
starts  rising.  This  is  the  constant  current  (CC)  phase  of  the  charge. 
Once  the  battery  voltage  reaches  the  charging  voltage  the  constant 
voltage  (CV)  phase  of  the  charging  starts,  in  which  the  voltage  is 
stable  while  the  current  decreases  until  the  end-of-charge  criterion 
of  <1.25  mA  Ah-1  for  0.5  h  is  met.  The  SOC  (state-of-charge)  was 
calculated  based  on  an  Ah-balance  and  on  the  nominal  capacity  of 
the  battery. 

3.  Results  and  discussion 

3.1.  Open-circuit  voltage  (OCV)  and  DC-resistance  at  240  °C 

The  OCV  of  the  sodium  metal  chloride  battery  was  measured  at 
240  °C  (Fig.  2)  after  interrupting  the  charge  and  discharge  process. 
The  duration  of  the  pauses  varied  from  6  h  to  25  h  depending  on  the 
stabilization  tendency  of  the  OCV.  While  discharging  with  0.0625C 
constant  current,  the  2.35  V/cell  threshold  is  reached  at  24%  SOC.  At 
this  point  the  Fe-reaction  starts  next  to  the  beta-alumina  separator. 
During  the  next  pause  at  20%  SOC,  the  Fe-cell  is  gradually  recharged 
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Fig.  2.  OCV  of  a  sodium  metal  chloride  battery  at  240  °C  after  at  least  6  h  pause.  A 
hysteresis  of  the  open  circuit  potential  is  observed  between  5%  and  25 %  SOC,  i.e.  the 
OCV  does  not  depend  only  on  the  SOC  but  also  on  the  history  of  charging,  discharging. 


from  the  remaining  NiCh  and  the  final  OCV  of  the  battery, 
measured  after  25  h,  is  higher  than  the  OCV  of  the  Fe-cell  alone  due 
to  the  contribution  of  the  Ni-cell.  At  15%  SOC  the  final  OCV  is 
reached  after  15  h.  At  this  stage  there  is  only  little  remaining  NiCh 
and  the  recharging  process  does  not  boost  the  OCV  substantially. 
The  theoretical  OCV  of  the  Fe-cell  is  measured  at  5%  SOC. 

It  is  known  that  the  internal  resistance  of  the  sodium  metal 
chloride  battery  depends  on  the  history  of  operation  [10],  The 
measurement  of  the  OCV  after  charging  and  after  discharging  at  the 
same  SOC  reveals  that  this  is  also  true  for  the  OCV.  Even  if  a 
coulombic  efficiency  of  99%  is  taken  into  account  a  hysteresis  is 
observed  from  5%  to  25%  SOC  (Fig.  2).  This  phenomenon  could  be 
caused  by  the  iron  doping  of  the  Ni-cell.  When  the  charging  of  the 
battery  begins  the  SOC  of  the  Ni-cell  and  of  the  Fe-cell  increase  at 
the  same  time.  On  the  contrary,  when  discharging  with  small  cur¬ 
rents,  the  Fe-cell  remains  fully  charged  until  most  of  the  nickel 
chloride  is  used  up  before  it  starts  discharging.  The  difference  in  the 
SOC  between  the  two  partial  cells  after  charging  and  after  dis¬ 
charging  even  if  the  SOC  of  the  battery  is  the  same  would  result  in 
different  contribution  of  each  one  of  them  in  the  mixed  OCV  and 
thus  to  an  OCV  dependency  on  the  history  of  the  battery’s  use. 

Based  on  the  measured  OCV  the  cell-resistance  of  the  battery 
was  calculated  from  Eq.  (3)  while  discharging  continuously  with 
0.1  C  (Fig.  3). 

Rdis  =  (OCV-V)//dis  (3) 
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Fig.  3.  Resistance  while  discharging  with  0.1C  at  240  °C. 


where  OCV  is  the  measured  open-circuit  voltage  after  discharging, 
V  the  measured  battery  voltage  and  /diS  the  discharge  current. 

Between  20%  and  25%  SOC  the  Fe-reaction  starts  next  to  the 
solid  electrolyte  and  the  smaller  resistance  of  the  Fe-cell  reduces 
the  total  cell  resistance  even  though  the  DOD  (depth-of-discharge) 
increases  further. 


3.2.  Temperature  dependence  of  the  discharged  energy 

The  energy  delivered  from  the  battery  at  240  °C,  275  °C  and 
310  °C  initial  temperature  while  discharging  from  100%  to  20%  SOC 
is  shown  in  Table  2.  The  temperature  remains  constant  during  the 
discharge  with  0.1  C  but  increases  at  higher  discharge  rates.  This  rise 
of  temperature  is  more  pronounced  when  the  initial  temperature  is 
lower  due  to  the  higher  internal  resistance  and  the  smaller  heat 
transfer  losses.  The  difference  in  the  total  discharged  energy  be¬ 
tween  0.25C  and  0.1  C  ranges  from  131  to  160  Wh  with  the  biggest 
deviation  occurring  at  240  °C.  The  reason  for  this  is  the  larger 
temperature  increase  at  0.25C  and  0.175C  when  the  initial  tem¬ 
perature  is  240  °C  instead  of  275  °C  or  310  °C  which  leads  to  a 
bigger  decrease  in  the  internal  resistance  and  thus  to  more  signif¬ 
icant  improvement  in  the  discharged  energy  from  lower  to  higher 
discharge  rates.  Moreover,  the  conductivity  of  beta-alumina  elec¬ 
trolyte  and  thus  the  internal  resistance,  show  a  non-linear  de¬ 
pendency  on  the  temperature. 

When  the  temperature  remains  constant,  as  in  case  of  the 
discharge  with  0.1  C,  33  Wh  less  energy  is  discharged  at  240  °C 
compared  to  310  °C.  This  energy  is  released  as  additional  Joule  heat 
in  the  battery’s  internal  resistance.  The  maximum  reduction  of  the 
discharged  energy  when  discharging  with  the  same  C-rate  from 
240  °C  initial  temperature  instead  of  275  °C  or  310  °C  is  62  Wh.  This 
energy  loss  is  however  much  lower  than  the  measured  decrease  in 
the  discharged  energy  when  the  discharge  current  increases  from 
0.1  C  to  0.25C  at  the  usual  operating  temperatures. 


3.3.  Capacity  measurements 


The  available  total  capacity  of  one  battery  string  was  measured 
at  240  °C,  275  °C  and  at  310  °C  (Fig.  4)  after  fully  charging  one  of  the 
two  parallel  strings  and  then  discharging  until  the  end-of- 
discharge  voltage  of  41  V  was  reached.  With  0.1  C  constant 
discharge  current  the  total  capacity  is  42.7  Ah/string  at  240  °C  and 
43.6  Ah/string  at  275  °C  and  310  °C  respectively.  Compared  to  the 
usual  operating  temperature  1.8%  capacity  loss  occurs  when  the 
battery  is  operated  at  240  °C  At  higher  current  (0.25C)  3.3% 
reduction  in  the  total  capacity  was  measured  when  the  initial 
operating  temperature  was  240  °C.  During  the  capacity  measure¬ 
ment  with  0.25C  the  temperature  increases  by  23  °C  and  15  °C 
when  the  initial  temperature  is  240  °C  and  275  °C  respectively.  This 
temperature  increase  is  however  lower  than  it  would  have  been  if 


Table  2 

Discharged  energy  and  measured  temperature  rise  while  discharging  from  100%  to 
20%  SOC  with  0.1C-0.25C  at  240  °C,  275  °C  and  310  °C  initial  operating  temperature. 


Initial  Discharge  Discharged 

temperature  current  energy  [kWh] 

[°C] [C-rate] 

240  0.1C  3.17 

0.175C  3.09 

0.25C  3.01 

275  0.1C  3.18 

0.1 75C  3.11 

0.25C  3.04 

310  0.1C  3.20 

0.175C  3.12 

0.25C  3.07 


Temperature 
increase  [°C] 


0 

37 

0 


28 

0 
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both  strings  were  discharging  with  0.25C  or  if  the  battery  had 
better  thermal  insulation.  Therefore,  the  total  available  capacity  at 
this  discharge  rate  may  differ  slightly  depending  on  the  battery’s 
design  and  size. 


3.4.  Heating  demand  and  temperature  progression  while 
discharging 

The  change  in  the  internal  temperature  of  a  sodium  metal 
chloride  battery  is  given  by  Eq.  (4) 

ATbattery  =  (AQjoule  +  AQheating  +  AQreversible  +  AQheat  loss )l(jn  *  C)  (4) 

where  Tbattery  is  the  temperature  of  the  battery,  Qj0Uie  the  irre¬ 
versible  heating  energy  due  to  losses  in  the  internal  resistance, 
Qreversibie  the  reversible  heat  losses,  which  are  positive  when  dis¬ 
charging  and  negative  when  charging,  Qheatjoss.  the  heat  dissipa¬ 
tion  due  to  heat  transfer  processes,  Qheating  the  heating  energy 
provided  externally,  m  the  battery’s  weight  and  C  the  thermal  ca¬ 
pacity  of  the  battery  which  increases  with  increasing  SOC  and 
temperature  [13]. 

The  heat  transfer  losses  equal  the  externally  required  heating 
energy  for  keeping  the  temperature  constant  when  the  battery  is  in 
stand-by  mode  and  they  are  almost  a  linear  function  of  the  tem¬ 
perature  (Table  3). 

The  battery’s  temperature  and  the  evolution  of  the  heating  de¬ 
mand  while  discharging  with  0.25C  and  0.1  C  when  the  initial 
operating  temperature  is  240  °C  and  275  °C  are  shown  in  Figs.  5  and 
6.  At  0.25C  discharge  current  the  heating  demand  drops  to  zero 
before  5%  DOD  is  reached.  During  the  discharge  with  0.1  C  the 
temperature  remains  constant  but  the  required  heating  power 
decreases  continuously  due  to  the  increasing  internal  heat  gener¬ 
ation  as  the  resistance  is  rising.  At  240  °C  no  externally  provided 
heating  energy  is  needed  any  more  from  26%  until  20%  SOC.  At  this 


Table  3 

Heating  demand  for  compensating  the  heat  transfer  losses  and  keeping  the  tem¬ 
perature  of  the  80  Ah  battery  constant  in  stand-by  mode.  The  room  temperature  was 
21  °C. 

Battery  temperature  [°C]  Heating  demand  in  stand-by  mode  [W] 

240  °C  48 

260  °C  54 

275  "C  58 

310  "C  67 


SOC  [%] 


Fig.  6.  Required  heating  power  while  discharging  with  0.1C,  0.25C  from  100%  to  20% 
SOC. 


point  the  heat  dissipation  must  be  equal  to  the  sum  of  the  revers¬ 
ible  and  irreversible  heat.  At  275  °C  a  stabilization  of  the  heating 
demand  is  observed  towards  the  end  of  the  discharge.  Since  the 
OCV  of  the  Fe-cell  is  reached  when  the  SOC  is  24%  the  reason  for 
this  is  most  likely  the  reduction  of  the  internal  heat  generation  due 
to  the  decrease  of  the  internal  resistance. 


O 

s' 


Time  [min] 


Fig.  7.  Temperature  development  when  no  external  heating  energy  is  provided  during 
the  battery’s  discharge  from  100%  SOC  until  20%  SOC  with  three  different  currents  at 
275  °C  initial  operating  temperature. 
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Fig.  8.  Required  heating  energy  and  discharged  energy  from  100%  to  20%  SOC  with 
0.1C  at  240  °C,  275  °C  and  310  “C. 


If  the  externally  provided  heating  is  switched  off  while  dis¬ 
charging  from  100%  to  20%  SOC  with  0.1  C,  0.125C  or  0.175C  the 
temperature  development  until  the  end  of  the  discharge  is  shown 
in  Fig.  7. 

At  the  beginning  of  the  discharge  with  0.1  C  the  battery’s  tem¬ 
perature  decreases  since  the  heat  transfer  losses  exceed  the 
generated  Joule  heat  in  the  internal  resistance  and  the  reversible 
heat  released  due  to  the  chemical  reactions.  As  the  battery  tem¬ 
perature  drops  the  heat  dissipation  decreases.  At  the  same  time  the 
internal  resistance  increases  as  the  reaction  front  moves  deeper  in 
the  cathode  and  when  the  temperature  is  250  °C  the  rate  of  internal 
heat  generation  becomes  equal  to  the  rate  of  heat  dissipation  and 
the  temperature  stabilizes  at  this  level  for  1  h  until  the  end  of  the 
measurement.  At  0.125C  the  reversible  and  irreversible  heat  gen¬ 
eration  leads  to  a  slight  temperature  rise  up  to  265  °C  after  the 
minimum  temperature  of  262  °C  is  reached.  Finally  with  0.175C 
discharge  current  almost  no  heating  energy  is  required.  The  lowest 
temperature  (271  °C)  is  measured  after  1  h  before  the  temperature 
starts  increasing  until  a  maximum  of  283  °C  is  recorded  at  20%  SOC. 

In  order  to  evaluate  the  performance  of  the  sodium  metal 
chloride  battery  at  lower  temperatures,  the  overall  efficiency 
including  the  thermal  losses,  should  be  considered  and  compared 
to  the  normal  operating  temperatures.  The  discharged  energy  and 
the  externally  provided  heating  energy  were  recorded  while  dis¬ 
charging  the  80  Ah  battery  with  0.1  C  from  100%  SOC  until  20%  SOC 
at  three  different  temperatures  (Fig.  8).  It  is  shown  that  a  decrease 
in  the  operating  temperature  from  275  °C  to  240  °C  results  in  43% 
reduction  in  the  required  heating  energy  whereas  the  discharged 
energy  is  reduced  by  less  than  1%.  It  can  be  concluded,  that  the 
energy  delivered  to  the  load,  calculated  by  subtracting  the  heating 
energy  from  the  discharged  energy,  is  maximized  at  240  °C. 


After  a  discharge  the  heating  demand  does  not  return  imme¬ 
diately  to  the  expected  level  measured  in  stand-by  mode.  The  end 
of  a  discharge  at  310  °C  is  shown  in  Fig.  9  with  dashed  line.  It  can  be 
seen  that  the  heating  demand  is  lower  than  in  stand-by  mode 
almost  1  h  after  the  discharge  is  ended  even  though  there  is  no 
internal  heat  generation.  During  that  time  the  recorded  tempera¬ 
ture  remains  however  constant  at  310  °C.  This  is  most  likely  due  to 
the  position  of  the  temperature  sensor  in  the  middle  of  the  battery 
case.  The  sensor  does  not  detect  immediately  the  temperature  drop 
of  the  outer  cells,  which  start  cooling  down  after  the  battery’s 
discharge  has  been  completed. 

3.5.  Temperature  dependence  of  charging  with  different  charging 
regimes 

The  influence  of  the  charging  regime  and  the  temperature  on 
the  charging  process  were  examined.  The  duration  of  the  CC  phase 
of  the  charge  depends  on  the  maximum  charging  voltage,  the 
temperature  and  the  position  of  the  reaction  front  [10],  In  order  to 
ensure  that  the  reaction  front  will  follow  the  same  path  during  all 
measurements,  the  battery  was  fully  charged  and  then  discharged 
continuously  until  20%  SOC  was  reached.  Then  we  applied  the 
charging  regime  under  examination  until  the  end-of-charge  crite¬ 
rion  was  met.  This  criterion  was  a  charge  acceptance  smaller  than 
1.25  mA  Ah  1  for  at  least  0.5  h.  In  Fig.  10  the  progression  of  the 
voltage  while  charging  at  310  °C  constant  temperature  can  be  seen. 
The  duration  of  charge  at  275  °C  and  310  °C  when  different 
charging  regimes  are  applied  is  shown  in  Table  4. 

In  the  48TL80  battery  a  lU-charge  with  5.5  A/cell  (0.1375C), 
2.67  V/ cell  is  used.  Increasing  the  charging  current  by  82%  from  5.5 
A/cell  to  10  A/cell  (0.25C),  while  keeping  the  charging  voltage 
constant  at  2.67  V/cell  has  only  a  small  impact  in  the  duration  of 
charging  at  275  °C  since  when  applying  the  10  A/cell  charging 
current  from  20%  SOC  the  voltage  limit  is  reached  in  the  first  5  min, 
when  the  SOC  is  22%.  Equivalently  the  CC  phase  at  310  °C  is  ended 

Table  4 

Duration  of  charging  from  20%  SOC  until  the  charge  acceptance  remained  below 
1.25  mA  Air1  for  0.5  h.  Three  different  charging  regimes  at  275  °C  and  310  °C  were 


Applied  charging  Duration  of  charging  Duration  of  charging 

voltage,  current  at275°C[h]  at310°C[h] 

[V/cell,  C-rate] 

2.67, 0.1375C  10.85  9.3 

2.67, 0.25C  10.28  8.1 

2.7, 0.25C  8.1  6.75 
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Fig.  11.  Duration  of  charging  from  20%  SOC  while  applying  the  quickest  IU-charge 
(0.25C,  2.7  V/cell)  at  240  °C,  260  °C,  275  °C  and  310  °C. 


when  the  SOC  is  30%,  however  the  current  does  not  drop  as  quickly 
as  at  275  °C  during  the  CV  phase,  thus  the  battery’s  charge  lasts 
2.2  h  less  (Table  4). 

A  much  smaller  increase  of  the  charging  voltage  by  1.1%  from 
2.67  V/cell  to  2.7  V/cell  reduces  the  charging  time  by  at  least  2.2  h  in 
the  examined  temperature  window.  At  310  °C  the  CC  phase  with 
0.25C  current  is  prolonged  until  53%  SOC  is  reached  whereas  at 
275  °C  the  maximum  charging  current  can  be  applied  ~30  min 
longer.  However,  the  higher  charging  voltage  increases  the  required 
charging  energy  from  20%  SOC  by  ~  50  Wh  to  3453  Wh  (at  275  °C). 

From  these  results  a  significant  influence  of  temperature  on  the 
speed  of  charging  due  to  the  decrease  of  the  battery’s  resistance  at 
higher  temperatures  was  identified.  At  275  °C,  the  battery’s 
charging  lasts  1.35—2.2  h  longer  than  at  310  °C  when  using  the 
same  charging  regime. 

The  quickest  charging  process  (0.25C,  2.7  V/cell)  was  also 
applied  at  240  °C  and  260  °C.  In  Figs.  11  and  12  the  increase  of  the 
SOC  and  the  decreasing  charge  acceptance  at  240  °C,  260  °C,  275  °C 
and  310  °C  are  shown  respectively.  The  temperature  remained  al¬ 
ways  constant  while  charging. 

Charging  at  240  °C  from  20%  until  the  end-of-charge  criterion  is 
met  lasts  25  h.  At  the  end  of  charging  the  charge  acceptance  is 
1.11  mA  Ah-1,  the  charged  energy  3.40  Wh  and  the  SOC  98.7%.  In 
comparison,  the  equivalent  measurement  at  260  °C  is  terminated 
after  13.3  h  at  99.6%  SOC  while  the  charging  current  is 
0.99  mA  Ah  'and  the  charged  energy  3.43  Wh.  The  duration  of 
charge  is  thus  two  times  longer  at  260  °C  than  at  310  °C. 

If  shorter  charging  time  is  required  for  a  specific  application  the 
battery  could  be  heated  for  charging  and  left  to  cool  down  while 
discharging.  Otherwise  it  could  be  operated  from  20%  to  90%  SOC  or 
from  20%  to  80%  which  would  result  in  much  shorter  charge  du¬ 
rations  as  shown  in  Table  5. 


Table  5 

Duration  of  charging  and  required  energy  for  charging  and  heating  for  a  limited  SOC- 


Temperature  SOC-operation 
[°C]  window 


240  20%— 80% 

20%— 90% 

260  20%— 80% 

20%— 90% 
275  20%— 80% 

20%— 90% 


Duration  of  Charged  Heating  demand 
charging  [h]  energy  while  charging 

[kWh]  [kWh] 

5.5  2.59  0.28 

7.6  3.02  0.39 

3.7  2.59  0.22 

5.0  3.02  0.30 

3.2  2.59  0.20 

4.3  3.02  0.27 


From  Tables  3  and  5  it  can  be  concluded  that  the  heating  energy 
when  charging  is  in  total  14-30  Wh  higher  than  the  energy  that 
would  have  been  required  for  keeping  the  temperature  stable  if  the 
battery  was  inactive  during  the  same  time.  That  means  that  the 
endothermic  charge  reaction,  Qreversibie.  absorbs  while  charging 
more  energy  than  the  total  energy  released  due  to  the  losses  in  the 
internal  resistance,  Qjouie-  The  progression  of  the  heating  demand 
while  charging  at  260  °C  and  310  °C  is  shown  in  Fig.  13.  At  the 
beginning  of  the  charge  when  the  charging  current  is  high  more 
reversible  heat  is  absorbed  and  since  the  internal  resistance  is  still 
low  an  increase  in  the  heating  demand  is  observed.  Towards  the 
end  of  the  charge  the  reaction  takes  place  so  slowly  that  the 
reversible  heat  is  compensated  by  the  losses  in  the  internal  resis¬ 
tance  resulting  in  a  heating  demand  which  is  equal  to  the  heat 
transfer  losses.  The  maximum  heating  demand  while  charging  with 
the  quickest  regime  is  13  W  and  7  W  higher  at  310  °C  and  260  °C 
respectively  than  the  stand-by  heating  demand.  The  bigger  devia¬ 
tion  at  310  °C  is  caused  by  the  higher  charge  acceptance  and  the 
lower  internal  resistance  compared  to  the  lower  operating 
temperature. 

3.6.  Total  battery  efficiency  during  cycling 

The  heating  demand  of  a  sodium  metal  chloride  battery  de¬ 
pends  on  the  battery’s  design  and  size  but  also  on  the  battery’s  use. 
Therefore  the  total  battery  efficiency  while  varying  the  frequency  of 
cycling  was  calculated.  Three  different  discharge  currents  were 
applied.  The  used  charging  regime  was  the  quickest  IU-charge 
examined  here  with  0.25C  charging  current  and  2.7  V/cell 
charging  voltage  until  the  end-of-charge  criterion  was  fulfilled 
(1.25  mA  Ah  1  for  at  least  0.5  h).  The  battery  was  fully  charged  and 
subsequently  discharged  with  0.1  C  until  90%  SOC  was  reached. 


Time  [min] 


Fig.  13.  Heating  demand  while  charging  with  0.25C  (10  A/celi),  2.7  V/cell  from  20%  SOC 
at  260  °C  and  310  °C.  A  moving  average  filter  was  applied  for  smoothing  out  the  short¬ 
term  fluctuations. 
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Fig.  14.  Daily  heating  demand  and  maximum  number  of  cycles  if  the  battery  is  dis¬ 
charged  with  0.125C— 0.25C  current  and  charged  with  0.25C,  2.7  V/cell  in  a  SOC- 
window  from  20%  to  90%  at  240  °C  and  275  °C  initial  operating  temperature. 


♦  240°C,  SOC=20%-90% 

♦  275°C,  SOC=20%-90% 


Then  two  discharge-charge  cycles  were  performed  in  the  SOC- 
window  90%-20%  with  30  min  pause  in-between.  The  measured 
parameters  of  the  second  cycle  were  used  for  the  calculations. 

The  maximum  number  of  cycles  that  can  be  delivered  daily  by 
the  tested  sodium  metal  chloride  battery  when  the  initial  operating 
temperature  is  240  °C  or  275  °C  and  for  0.125C-0.25C  constant 
discharge  current  is  shown  in  Fig.  14.  The  daily  average  heating 
energy  if  the  battery  is  continuously  cycled,  also  shown  in  Fig.  14,  is 
the  product  of  the  required  heating  energy  for  one  cycle  and  of  the 
maximum  number  of  cycles  per  day.  If  the  battery  is  cycled  with  the 
same  parameters  at  240  °C  ~0.5  cycles  less  can  be  performed  on  a 
daily  basis  compared  to  275  °C  due  to  the  slower  charging.  In  ex¬ 
change  to  this  lower  utilization,  140—170  Wh  less  heating  energy  is 
required  on  average  and  in  a  daily  basis  at  240  °C  compared  to 
275  °C  when  the  battery  is  cycled  with  the  same  discharge  current. 

The  efficiency  of  a  single  cycle,  t7per-cycie,  is  shown  in  Table  6.  It  is 
defined  as: 


If  the  battery  is  not  cycled  continuously,  which  is  the  case  in 
most  of  the  applications,  the  cycle  efficiency  is  not  representative  of 
the  battery’s  efficiency  because  heating  energy  has  to  be  provided 
additionally  when  the  battery  is  not  operated  for  maintaining  the 
temperature  constant.  Therefore  the  daily  efficiency,  r/daiiy,  given  by 
Eq.  (6),  is  introduced: 


^discharge 


^charge  +  ^heating  +  (24  fCycle)  ^stand-by 


(6) 


where  tcycie  the  duration  of  the  cycles  in  hours  and  Pstand-by  the 
heating  demand  when  the  battery  is  in  stand-by  mode  (Table  3). 
The  calculation  of  the  daily  efficiency  from  the  equation  above  is 
based  on  the  condition  that  the  initial  operating  temperature  is 
reached  again  before  the  end  of  the  cycle.  This  was  always  the  case 
even  with  the  highest  discharge  currents  (0.25C). 

Table  6  shows  the  calculated  daily  efficiencies  for  different 
cycling  frequencies.  The  efficiencies  are  not  given  if  the  relevant 
cycling  frequency  cannot  be  achieved  in  a  day  with  the  specified 
discharge  rate.  However  when  the  initial  temperature  is  240  °C  and 
the  battery  performs  3  cycles/day  with  0.25C  discharge  current  the 
total  duration  is  24.2  h.  In  that  case  there  is  no  stand-by  time. 
Therefore  the  daily  efficiency  is  equal  to  the  cycle  efficiency,  i.e.  85%. 

Generally,  the  daily  efficiency  is  higher  at  lower  temperatures 
since  in  stand-by  mode  the  heating  demand  is  48  W  at  240  °C 
whereas  at  275  °C  58  W  are  required  for  keeping  the  temperature 
stable.  When  the  battery  is  cycled  at  240  °C,  the  percentage  of 
discharged  energy  used  for  heating  is  reduced  by  21%— 48%  in  the 
20%— 90%  SOC-window.  As  a  result,  the  daily  efficiency  at  240  °C  is 
1%— 6%  higher  compared  to  275  °C  for  the  same  cycling  frequency 
and  discharge  rate.  The  efficiencies  presented  here  are  expected  to 
be  higher  for  batteries  with  lower  surface  to  volume  ratio  and  for 
batteries  with  vacuum  insulation.  This  type  of  insulation  is 
commercially  available  and  reduces  the  thermal  conductivity  by 
more  than  50%. 


^per  cycle  — 


^discharge 
^charge  +  ^heating 


(5) 


where  Edischarge  is  the  discharged  energy,  Echarge  the  charged  energy 
and  Eheating  the  additionally  required  heating  energy  during  that 
cycle. 

Even  though  the  heating  demand  at  240  °C  is  lower  due  to  the 
lower  operating  temperature  the  longer  duration  of  charging  re¬ 
sults  in  almost  the  same  total  required  heating  energy  as  at  275  °C. 
Except  for  this,  ~25  Wh  more  energy  is  discharged  per  cycle  at 
275  °C  compared  to  240  °C.  Thus  the  cycle  efficiency  at  275  °C  is 
slightly  better  or  the  same,  depending  on  the  discharge  current.  The 
maximum  cycle  efficiency  reached  with  the  tested  battery  was  85% 
with  0.25C  discharge  current. 


4.  Conclusions 

The  main  objective  of  the  present  study  was  to  test  the  perfor¬ 
mance  of  a  80  Ah  sodium  metal  chloride  battery  with  commercially 
available  tubular  cells  (MLX-3  type)  at  temperatures  lower  than  the 
usual  operating  temperatures  of  this  technology,  which  would 
allow  a  reduction  of  the  battery’s  heat  demand.  It  was  shown  that 
the  operation  at  temperatures  as  low  as  240  °C  is  not  only  feasible 
but  also  advantageous  for  the  overall  system  efficiency.  The  total 
available  capacity  measured  with  0.1  C  current  was  found  to  be  only 
1.8%  lower  at  240  °C  constant  temperature  compared  to  the  normal 
operating  conditions,  at  275  °C  and  310  °C.  When  discharging  with 
the  same  current  80%  of  the  nominal  capacity  until  20%  SOC  the 
energy  delivered  to  the  load  after  subtracting  the  required  heating 
energy  is  maximized  at  240  °C.  The  energy  gain  when  operating  the 


Cycle  efficiency  and  daily  battery  efficiency  depending  on  the  cycling  frequency  when  the  battery  is  operated  in  a  SOC-window  from  20%  to  90%  with  0.125C-0.25C  constant 
discharge  current. 


Initial  SOC-operation  Current  during  Total  battery  efficiency/cycle 

temperature  [°C]  window  discharge 


240  20%— 90%  0.125C  81% 

0.1 75C  83% 

0.25C  85% 

275  0.125C  82% 

0.1 75C  84% 

0.25C  85% 


[%]  Total  battery  efficiency/day  qdaiiy  [%] 

Cycling  frequency 

1  cycle  2  cycles  3  cycles 

70% 

69%  81% 

68%  80%  85% 

66%  79% 

66%  79% 

65%  78%  84% 
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sodium  metal  chloride  battery  at  lower  temperatures  derives  from 
the  reduced  heat  transfer  losses,  which  were  48  W  at  240  °C,  10  W 
lower  than  at  275  °C. 

However,  at  240  °C  with  the  quickest  IU-charge  (2.7  V/cell,  10  A/ 
cell)  around  25  h  charging  time  was  required  from  20%  SOC  until 
the  end-of-charge  criterion  was  met.  For  a  SOC  increase  from  20%  to 
90%  at  240  °C  the  duration  of  charging  is  reduced  to  7.6  h.  At  this 
SOC-window  the  total  daily  efficiency  is  always  higher  at  240  °C 
when  the  discharge  current  ranges  from  0.125C  until  0.25C  even 
though  the  cycle  efficiency  is  slightly  lower  or  the  same  at  240  °C 
compared  to  275  °C.  The  reason  for  the  improvement  of  the  total 
battery  efficiency  at  240  °C  are  the  lower  heat  transfer  losses  which 
result  in  up  to  49%  reduction  in  the  percentage  of  the  discharged 
energy  that  is  used  as  heating  energy  at  the  same  cycling  frequency. 
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Glossary 


SOC:  state-of-charge 

OCV:  open-circuit  voltage 

DOD:  depth  of  discharge 

BMS:  battery  management  system 

Edischarge-'  discharged  energy 

Echarge:  charged  energy 

Cheating:  required  heating  energy 

Pstani- by:  heating  demand  in  stand-by  mode 


